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ABSTRACT
We have examined the behavior of the streaming potential
under multiphase conditions, and under conditions of vary-
ing temperature and salinity, to evaluate the feasibility of
using downhole streaming-potential measurements to deter-
mine fluid distributions in a reservoir. Using new insights
into the pore-scale distribution of fluids and of electric
charge, we found that the saturation dependence of the
streaming potential coupling coefficient is important in de-
termining the resulting streaming potential. Through exam-
ination of the four independent physical parameters which
comprise the coupling coefficient, we developed an under-
standing of the behavior of the coupling coefficient under
conditions of elevated temperature and brine salinity. We
found that although increasing salinity substantially reduces
the magnitude of the coupling coefficient, and therefore also
the magnitude of the predicted streaming potential, increas-
ing temperature has only a small effect, showing about a
10% change between 25°C and 75°C, depending on salinity.
INTRODUCTION
Streaming potentials in porous media have their origin in the
electric double layer which forms at solid-fluid interfaces when
an electrolyte such as brine reacts with the mineral surface (Hunter,
1981; Revil et al., 1999). The mineral surface becomes electrically
charged (typically negatively in quartz-brine systems) and a diffuse
layer containing an excess of (typically positive) countercharge is
formed in the adjacent fluid, giving zero net charge when the rock-
fluid system is at rest (Wyllie, 1951; Ishido and Mizutani, 1981). If
the fluid is induced to flow tangentially to the interface by an ex-
ternal pressure gradient, some of the excess charge within the dif-
fuse layer is transported with the flow, giving rise to a streaming
current. Accumulation of charge associated with divergence of
the streaming current density establishes an electric potential,
termed the streaming potential.
Recent numerical modeling work has suggested that measure-
ments of streaming potential, acquired using electrodes perma-
nently installed downhole, could be used to monitor water
saturation changes in the vicinity of a well during oil or gas produc-
tion (Saunders et al., 2006, 2008). The streaming potential is due to
inflow of water to the reservoir as the hydrocarbons are extracted,
either from an underlying aquifer or from water injection wells. The
key findings from this earlier work were
1) The potential is a maximum at the water front, and at geologic
boundaries where the water saturation changes. As water
encroaches on the production well, the streaming potential as-
sociated with the water front is predicted to encompass the well
when the front is up to 100 m away, so the potential measured at
the well would start to change relative to a distant reference
electrode,
2) Variations in the geometry of the encroaching water front could
be characterized using an array of electrodes positioned along
the well, although a good understanding of the local reservoir
geology would be required to identify signals caused by
the front,
3) The streaming potential measured at the well is maximized in
low permeability reservoirs produced at a high rate, and in thick
reservoirs with low shale content.
These findings raise the prospect of real-time monitoring of flow
at considerable distance from a well, and of an informed feedback
process between monitoring and inflow to the well to enhance
production. However, as pointed out by Saunders et al. (2008),
considerable uncertainties remain, particularly relating to the nature
of the streaming-potential coupling coefficient in the high salinity
and temperature conditions typical of hydrocarbon reservoirs, and
during multiphase flow.
The streaming-potential coupling coefficient C (V Pa−1) is the
macroscopic petrophysical property which relates fluid and
electric potential gradients (Sill, 1983). It is well-known that the
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magnitude of the coupling coefficient decreases with increasing
brine salinity and, based on data available at the time, Saunders
et al. (2008) predicted that the streaming potential measured during
production may become too small to resolve (<0.1 mV) if the
salinity of the formation brine is higher than that of seawater,
c. 0.6 mol · L−1. Moreover, Saunders et al. (2008) also suggested
that the magnitude of the streaming potential may decrease with
increasing temperature, principally because of the increased brine
conductivity. Consequently, it is still not clear whether streaming
potentials would be measurable in many hydrocarbon reservoirs.
Moreover, only one reservoir and production scenario has been in-
vestigated to date.
The first aim of this paper is to investigate the behavior of the
streaming-potential coupling coefficient at salinity and temperature
conditions typical of hydrocarbon reservoirs, and during multiphase
flow. A detailed study of the temperature dependence of the
streaming-potential coupling coefficient and its component parts by
Reppert and Morgan (2003a, 2003b) shows the difficulty of at-
tempting to determine any generalized relationship due, in particu-
lar, to the dependence of the zeta potential (the electric potential
associated with the electric double layer at the mineral-water inter-
face) on a multiplicity of microscopic properties of the electrolyte
and the mineral surface. However, for silica surfaces in contact with
predominantly NaCl brine (the situation in most hydrocarbon reser-
voirs) the zeta potential is observed to increase with temperature
(Ishido and Mizutani, 1981; Revil et al., 1999). Here we follow
a procedure complementary to that of Reppert and Morgan (2003a),
examining each of the components of the streaming-potential
coupling coefficient and its dependence on both temperature and
salinity, and using this information to develop a model for the cou-
pling coefficient. The electric conductivity, viscosity, and permittiv-
ity of the formation water have well-known relationships to salinity
and temperature. We propose a modified model for the salinity de-
pendence of the zeta potential including the high salinity range,
using the model of Revil and Glover (1997) and recent experimental
data from Vinogradov et al. (2010). The saturation dependence of
the streaming-potential coupling coefficient is described using
models from Guichet et al. (2003), Revil et al. (2007) and Jackson
(2010) together with recent experimental data (Vinogradov and
Jackson, 2010).
The second aim of the paper is to investigate the utility of
streaming-potential measurements in a wider range of reservoir
and production scenarios than have been considered to date. Saun-
ders and coworkers (Saunders et al., 2006, 2008) use a model based
on that described by Wurmstich and Morgan (1994), who were the
first to discuss the use of streaming potentials for monitoring
changes in fluid distribution during production. This model consists
of a single vertical well producing oil from a horizontal sandstone
reservoir layer with water encroaching from one side. In a simple
sensitivity analysis, Saunders et al. (2008) vary the reservoir thick-
ness, permeability and spatial permeability variation, and the dis-
tribution of nonreservoir shales within the sandstone reservoir
interval to investigate the influence of these parameters on the si-
mulated streaming potential at the well. Here we use that model in
light of our improved understanding of the streaming-potential cou-
pling coefficient in reservoir conditions, but also model a horizontal
well producing from a thin oil column within a sandstone reservoir,
with water encroaching from below. Early water breakthrough in
this production scenario is a key risk, because the well can be killed
if the higher density water cannot flow to surface. Moreover, in this
well we can be confident about excluding the contributions from
electrochemical or thermoelectric effects (Gulamali et al., 2011) be-
cause the temperature gradient over the extent of the oil column is
typically small (c. 1–2 K) and the salinity of the aquifer replacing
the reservoir fluids is typically very similar to that of the residual
brine in the reservoir itself. We investigate the predicted streaming-
potential measurements resulting from production from a single
horizontal well with multiple completions. This is a first step toward
developing a feedback control strategy (Addiego-Guevara et al.,
2008), which may be used to enhance production.
THEORETICAL BACKGROUND
Governing equations
Equations governing the flow of two immiscible fluids through a
porous medium and the coupled equations describing the resulting
(low-frequency component of) streaming potential are described in
Saunders et al. (2008) and elsewhere (e.g., Aziz and Settari (1979);
Sill (1983). We assume that the wetting phase (subscript w) is NaCl
brine, the nonwetting phase (subscript nw) is a nonpolar oil, that only
the wetting phase contributes to the streaming potential and we ne-
glect the contribution of the electric double layer at the fluid-fluid
interface. In hydrocarbon reservoirs with relatively clean sand
(<10% clay content) saturated with moderate- to high-salinity brine
(>0.5 mol · L−1), the contribution of surface conductivity may be
neglected (Schoen, 2004; Mavko et al., 2009), and we define the
streaming-potential coupling coefficient in fully brine-saturated
conditions C˜ using the classical Helmholtz-Smoluchowski equation
C˜ ¼ ζϵw
ηwσw
; (1)
where ζ is the zeta potential, ϵw the brine permittivity, ηw the brine
viscosity and σw the brine conductivity.
The fluid problem is solved using the Eclipse 100 finite-volume
reservoir simulator. The electric problem is solved using the
open-source finite-element CFD code Fluidity (Piggott et al., 2008;
Saunders et al., 2008).
Salinity and temperature dependence of the
streaming-potential coupling coefficient C
We begin by considering the temperature and salinity depen-
dence of the streaming-potential coupling coefficient in fully brine-
saturated conditions. By understanding the behavior of each of the
terms in equation 1, we can develop a model for the streaming
potential coupling coefficient under varying salinity and tempera-
ture conditions. The range of interest for temperature T (°C)
and brine salinity Cf (mol · L−1) in hydrocarbon reservoirs is
20 < T < 150°C, and 0.01 < Cf < 5.0 mol · L−1, with typical va-
lues in the range 60 < T < 100°C, and 0.5 < Cf < 2.0 mol · L−1.
We assume that NaCl is the only salt species present. The tempera-
ture and salinity dependence of the zeta potential, brine permittivity,
viscosity, and conductivity are presented in Appendix A.
Normalizing each parameter in equation 1 by its value at 25°C
(Figure 1) we can see that between 25°C and 75°C permittivity
decreases by approximately 19%, viscosity decreases by approxi-
mately 57%, and conductivity increases by approximately 105%.
At low salinity (0.01 mol · L−1) zeta potential increases by
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approximately 18%, giving an overall increase in C of 9%, while at
seawater salinity (0.6 mol · L−1) zeta potential is constant, so C
decreases by almost 8% (Figure 2). The salinity at which the
behavior of C changes depends on the maximum packing of ions
in the diffuse layer. Based on the data of Vinogradov et al. (2010),
the threshold salinity appears to lie between 0.3 and 0.6 mol · L−1.
Although the influence of temperature is small, the resulting stream-
ing-potential coupling coefficient decreases strongly with increas-
ing salinity.
Multiphase behavior of C
When a second fluid phase is present in the pore space, the
magnitude of the streaming-potential coupling coefficient becomes
dependent on a number of factors including the wettability of the
rock, the composition of the pore fluids, and the saturation of
each phase (Jackson, 2010). In the simplest case the nonwetting
phase is nonpolar and its flux causes no streaming current. The
streaming-potential coupling coefficient then depends on the
saturation of the wetting phase (assumed here to be water/brine)
and may be expressed in terms of the coupling coefficient in fully
brine-saturated conditions C˜, and a saturation-dependent relative
coupling coefficient Cr (analogous to a relative permeability)
C ¼ C˜Cr; (2)
where (Jackson, 2010)
Cr ¼
krwQr
σr
: (3)
Here, krw is the relative permeability of the wetting phase, Qr is the
relative excess charge density (describing how the charge density of
counterions in the fluid changes with wetting phase saturation) and
σr is the relative conductivity of the saturated rock. Several models
have been proposed for Qr during drainage (see discussion in
Jackson, 2010). We will concentrate on models taken from Revil
et al. (2007), Jackson (2010), and Guichet et al. (2003) (Figure 3a
with σw ∝ S1.65w , krw ∝ S4w) as they enable us to investigate the re-
lative performance of broadly convex and broadly concave Cr
curves. There are presently no models or data for imbibition except
Vinogradov and Jackson (2010), but these data are from experi-
ments with saturations at unsteady-state and so cannot be used here.
All three models are adjusted for imbibition to account for the
presence of immobile fractions of both the wetting and nonwetting
phases (Swi ¼ Snwi ¼ 0.2) and to have endpoints at 0 and 1, by sub-
stituting the mobile wetting phase volume fraction Smw for Sw in the
Guichet model, and by multiplying the Revil and Jackson models
by the reciprocal of the original function value at Sw ¼ 1 − Snwi
(Figure 3b).
The Revil model then becomes
Cr ¼
krw
σrSw
σ˜rð1 − SnwiÞ
~krw
; (4)
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Figure 2. Streaming-potential coupling coefficient relative to its va-
lue at 25°C plotted against temperature for a range of salinities. For
salinities up to 0.1 mol · L−1, C increases with temperature, but at
higher salinities, the limit on ζ causes C to decrease with increasing
temperature. Values for C (mV MPa−1) at 25°C : 316.1
(0.01 mol · L−1), 19.7 (0.1 mol · L−1), 2.0 (0.6 mol · L−1), 1.15
(1 mol · L−1), 0.22 (3.16 mol · L−1), 0.09 (5 mol · L−1).
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Figure 1. Predicted values of zeta potential, dielectric permittivity,
viscosity, and conductivity normalized by their values at 25°C
and plotted against temperature for two salinities. (a) Here,
0.01 mol · L−1 (ζ ¼ −28.4 mV, ϵw ¼ 7.81 × 10−10 Fm−1, ηw ¼
8.91 × 10−4 Pa · s and σw ¼ 0.118 S · m−1 at 25°C) and
(b) 0.6 mol · L−1 (seawater, ζ ¼ −17.0 mV, ϵw ¼ 6.75×
10−10 Fm−1, ηw ¼ 9.37 × 10−4 Pa · s and σw ¼ 5.42 S · m−1 at
25°C). See Appendix A for discussion of permittivity values at high
temperature and salinity.
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where σ˜r and k˜rw are the relative fluid conductivity and permeability
evaluated at Sw ¼ 1 − Snwi, i.e., at the maximum possible brine
saturation. The Jackson model is given by
Cr ¼
Smw
σr
σ˜r; (5)
with Smw given by
Smw ¼
Sw − Swi
1 − Swi − Snwi
: (6)
The Guichet model is described by
Cr ¼ Smw: (7)
Using σw ∝ S1.65w , krw ∝ S4mw and krwjðSw¼1−SnwiÞ ¼ 0.3, the mod-
els of Revil et al. (2007) and Jackson (2010) present distinct beha-
vior at intermediate saturations, with that of Revil predicting small
values of the relative coupling coefficient at intermediate saturation,
and the model of Jackson suggesting that the coupling coefficient
changes less at high water saturation, but drops sharply as the water
saturation approaches the irreducible value. (We note that using
krw ∝ S2mw alters the curve of Revil to look more like that of Jack-
son.) Experimental data from Allègre et al. (2010) supports the idea
that the relative coupling coefficient is high (perhaps tens or even
hundreds of times the magnitude at saturation) at intermediate
saturations.
THE RESERVOIR MODELS
Two reservoir geometries are used to predict the streaming-
potential response during recovery, one vertical well and one hor-
izontal well. Both consist of a single sandstone reservoir bounded
above and below by water-bearing shales, and intersected by a sin-
gle producing well. Their properties are summarized in Table 1. The
vertical well model has been used in previous studies (Saunders
et al., 2006, 2008), and is based on the model of Wurmstich and
Morgan (1994). Here we use an updated understanding of the
streaming-potential coupling coefficient in reservoir conditions to
improve the predictions made in this earlier work. The horizontal
well model has been used in previous studies to investigate and
quantify the benefit of reactive feedback control based on measure-
ments of flow at the well (Addiego-Guevara et al., 2008).
Consequently, it is a sensible test case to investigate the utility
of streaming-potential measurements to characterize flow at a
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Figure 3. Relative coupling coefficient versus saturation: (a) Mod-
els for Cr from Revil et al. (2007), Jackson (2010), and Guichet
et al. (2003) for drainage, assuming different behavior of the excess
charge density with decreasing saturation. (b) The models of Revil
et al. (2007) (equation 4), Jackson (2010) (equation 5) and Guichet
et al. (2003) (equation 7) adjusted for imbibition and accounting for
an irreducible volume fraction of the nonwetting phase, and with
endpoints fixed at 0 and 1. Irreducible volume fractions are
Swi ¼ Snwi ¼ 0.2, conductivity σw ∝ S1.65w and relative permeability
krw ∝ S4mw.
Table 1. Description of reservoir models.
Property Vertical well Horizontal well
Dimensions 1150 × 500 × 100 m 1800 × 900 × 100 m
Porosity 0.25 0.25
Horizontal permeability kx;y 152–1520 mD (1.52 × 10−13–1.52 × 10−12 m2) 152 mD (1.52 × 10−13 m2)
Vertical permeability kz 152 mD (1.52 × 10−13 m2) 3–152 mD (3 × 10−15–1.52 × 10−13 m2)
Brine conductivity 0.0121–51.04 S · m−1 0.0121–51.04 S · m−1
Oil conductivity 1 × 10−5 S · m−1 1 × 10−5 S · m−1
Brine viscosity 0.001 Pa · s 0.001 Pa · s
Oil viscosity 0.001–0.008 Pa · s 0.001 Pa · s
Brine density 1000 kgm−3 1000 kgm−3
Oil density 1000 kgm−3 800 kgm−3
Brine compressibility 5 × 10−10 Pa−1 5 × 10−10 Pa−1
Oil compressibility 1 × 10−9 Pa−1 1 × 10−9 Pa−1
Coupling coefficient at Sw ¼ 1 9.54 × 10−11–5.41 × 10−6 V · Pa−1 9.54 × 10−11–5.41 × 10−6 V · Pa−1
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distance from a horizontal well in a thin oil column, where early
water breakthrough is often observed if no action is taken to prevent
it. Deployment of streaming-potential monitoring equipment along
a horizontal well may offer maximum benefit in this case.
In the vertical wellmodel (Figure 4a), the sandstone reservoir layer
measures 1150 × 500 m in plan-view, whereas in the horizontal well
model (Figure 4b), the reservoir layer measures 1800 × 900 m. The
sandstone reservoir layer in each case is 100m thick and lies between
500 m and 600 m depth, with porosity equal to 25%. Permeability is
isotropic in the homogeneous vertical well model
V1 (k ¼ 152 mD ¼ 1.52 × 10−13m2) and aniso-
tropic in the homogeneous horizontal well
model H1 (kx;y ¼ 152 mD ¼ 1.52 × 10−13m2,
kz ¼ 3 mD ¼ 3 × 10−15m2).
The reservoir layer is bounded above, below,
and laterally by water-saturated shales that act as
no-flow fluid boundaries. To solve for the
streaming potential, additional layers are added
laterally around the no-flow boundaries to a dis-
tance of 50 m, and the domain is extended up-
ward by 500 m (to the earth surface) and
downward by 1400 m to a total depth of 2000 m.
Zero-gradient boundary conditions in the electric
potential are enforced on the lateral and upper
boundaries, simulating zero current flow, and a
zero-potential boundary condition is enforced
at the lower boundary to simulate the potential
at “infinity.” A simulation-based sensitivity anal-
ysis was used to demonstrate that the 50-m
lateral layers are wide enough to avoid the cho-
sen boundary conditions affecting the potentials
calculated within the reservoir.
In both models, a single well produces at a
constant total fluid rate of 10; 000 bbl day−1. In
the vertical well model, a water-flood is initiated
from one side of the domain (x ¼ 0), and produc-
tion continues until the water has reached the production well, lo-
cated at x ¼ 1000 m (Figure 4a). The well is open to flow over a
single 100 m interval, from 500- to 600-m depth. In the horizontal
well model, the oil-water contact lies 30 m below the top of the
reservoir, so the lower 70 m of sandstone are saturated with water,
which provides pressure support during production and moves up-
ward toward the well when production is initiated. The well is lo-
cated 10 m below the top of the reservoir and is open to flow over
two 350-m sections, separated by 100 m (Figure 4b). Completion 1
is intersected by the high permeability layer, and completion 2 is
entirely within the main part of the reservoir with lower vertical
permeability. Water breakthrough is defined as the time at which
water makes up 1% of the total fluid produced at any point along
the well.
In each geometry, we also present results from heterogeneous
reservoirs that have zones of contrasting permeability. In the
vertical well geometry, model V2 has a narrow (15 m) anisotropic
zone in the upper part of the reservoir, model V3 has a wide (30 m)
anisotropic zone in the upper part of the reservoir, and model V4 has
two narrow (15 m) anisotropic zones within the reservoir (Figure 5,
Table 2). In each case the horizontal permeability of the contrasting
region is increased to kx ¼ 1520 mD. The high permeability zones
do not intersect the well but end 190 m away, so that it would not be
possible to identify their presence from borehole logs. In the
heterogeneous horizontal well models H2–4, a single channel run-
ning vertically through the reservoir has isotropic permeability
k ¼ 1520 mD (Figure 6, Table 2).
Irreducible water (Swi) and oil (Snwi) saturations are both equal to
0.2. Corey-type relative permeabilities for the wetting (water) and
nonwetting (oil) phases are given by (Anderson, 1987)
krw ¼ 0.3 S4mw; (8)
Figure 4. (a) The vertical well model, showing the reservoir intersected by a single well
(black line), with water (pale) displacing oil (black). The well is located at
ðx; yÞ ¼ ð250 m; 1000 mÞ and production is uniform over the thickness of the reservoir.
(b) The horizontal well model, showing the thin reservoir intersected by a single well
(black line) with two producing sections (thick black lines). The well is located at
ðx; zÞ ¼ ð0 m;−510 mÞ. The larger surrounding box (semitransparent) is the domain
for the electric problem extending up to the earth surface (z ¼ 0 m) and down to
z ¼ −2000 m where the potential is set to zero. All dimensions in meters.
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Figure 5. Cross sections of the heterogeneous models with the ver-
tical well geometry showing horizontal permeability kx. (a) Model
V2 has a single, narrow high-permeability layer; (b) V3 has a single,
wide high-permeability layer and (c) V4 has two narrow high-
permeability layers. None of the high-permeability zones intersect
the well, which is marked by a vertical dotted line.
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krnw ¼ 0.8ð1 − SmwÞ4: (9)
We note that while the endpoints 0.3 and 0.8 are typical for water-
wet sandstones, varying them will directly affect the pressure gra-
dient for a given production (flow) rate. Lower values will increase
the required pressure gradient and therefore also the streaming po-
tential, and vice versa. Capillary pressure is neglected (Dake, 1978;
Shook et al., 1992) because the fluid displacement is dominated by
viscous forces in the vertical-well model, and by viscous and grav-
ity forces in the horizontal-well model. Four viscosity values for the
displaced oil are considered, to investigate the effect of the water-
front saturation and the pressure gradient in the vicinity of the well
on the measured streaming potentials. In the first instance,
ηw ¼ ηnw ¼ 0.001 Pa · s, with subsequent models having the oil
phase viscosity multiplied by 2, 4 and 8.
The conductivity of the saturated rock is given by (Telford et al.,
1990)
σf ¼ ϕ1.8ðσnw þ Snw½σw − σnwÞ; (10)
where n is Archie’s saturation exponent, hereafter equal to 1.65.
This equation is applicable where the conductivity of the nonwet-
ting phase is small compared to that of the wetting phase, and where
surface conductivity is neglected. A more general equation for the
conductivity of porous materials containing mul-
tiple fluid phases is given by Glover et al. (2000).
RESULTS
We begin by discussing the effect of varying
brine salinity and temperature on the streaming
potentials predicted at the well. We then investi-
gate the effect of using three different models for
the behavior of the streaming-potential coupling
coefficient at intermediate saturation. Finally, we
consider heterogeneous reservoir models and
look not only at the effect of the heterogeneity
on the streaming potentials but also at the possi-
bility of recognizing and responding to the non-
uniform approach of water toward the well.
Potentials at the well are reported with respect
to zero defined at infinity. In reality, a reference
electrode must be positioned somewhere in the
vicinity of the well, ideally at a location far from
the moving fluids and with a stable or predictable
background potential. The most sensible position
from a practical point of view would be above the
electrically conductive shale layer which bounds the reservoir. This
layer shields the electrode from the streaming potentials generated
in the reservoir, but the electrode is sufficiently deep that it is also
shielded from surface electric noise. In the vertical-well model pre-
sented here, where the reservoir is situated at a depth of 500 m be-
low the earth’s surface, referencing the potential to an electrode
positioned at the upper edge of the shale layer (i.e., at 400 m depth)
reduces the magnitude of the measured potential by approximately
4% at breakthrough (Figure 7a). In the horizontal-well model, at the
same depth (i.e., at 400 m depth on the well tubing as it curves to the
earth surface), the magnitude of the streaming potential is reduced
by approximately 8% at breakthrough (Figure 7b).
Effect of varying salinity and temperature
Despite the variation with temperature of the four parameters
which make up the streaming-potential coupling coefficient, the
combined effect is small (Figure 2). The maximum streaming po-
tential predicted at the well (Figure 8) in the homogeneous vertical-
well model V1 at the point of water breakthrough reflects this be-
havior. Potential increases by about 10% between 25°C and 75°C at
low salinity, and decreases by a similar amount over the same range
at salinities close to or above the salinity of sea water. Brine salinity
is the dominant factor in determining the magnitude of the signal
predicted downhole.
Table 2. Description of the four vertical-well models and four horizontal-well
models used, which vary in their permeability structure.
Model
name
Principle reservoir
permeability Contrasting region
V1 k ¼ 152 mD None
V2 k ¼ 152 mD kx ¼ 1520 mD at z ¼ −530 – − 515 m
V3 k ¼ 152 mD kx ¼ 1520 mD at z ¼ −545 – − 515 m
V4 k ¼ 152 mD kx ¼ 1520 mD at z ¼ −577.5 – − 562.5 m and
z ¼ −537.5 – − 522.5 m
H1 kx;y ¼ 152 mD,
kz ¼ 3 mD
None
H2 kx;y ¼ 152 mD,
kz ¼ 3 mD
110 m-wide zone with k ¼ 152 mD
H3 kx;y ¼ 152 mD,
kz ¼ 3 mD
210 m-wide zone with k ¼ 152 mD
H4 kx;y ¼ 152 mD,
kz ¼ 3 mD
310 m-wide zone with k ¼ 152 mD
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Figure 6. Cross sections of the horizontal-well model H3, showing
(a) the vertical permeability field kz and the position of the two pro-
ducing zones (black lines), and (b) the water-saturation distribution
300 days into production. Completion 1 is on the left, intersected by
the high-permeability zone. Completion 2 is on the right.
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Given the relative insignificance of temperature in determining
either the magnitude of the streaming-potential coupling coefficient
or the predicted potentials in the vertical-well models, we now ne-
glect the effect of temperature for the horizontal-well modeling. In
the homogeneous horizontal-well model H1, the maximum stream-
ing potential at breakthrough again decreases with increasing sali-
nity (Figure 9). At sea water salinity (0.6 mol · L−1) this value is
3.5 mV, and at 5.0 mol · L−1 approximately 0.16 mV.
Effect of varying the relative coupling coefficient and
viscosity ratio
Using the homogeneous vertical-well model V1, four cases with
varying viscosity ratios between the oil and brine are considered.
The oil viscosity (ηnw) is initially equal to the brine viscosity
(ηw ¼ 0.001 Pa · s) and is then multiplied by 2, 4, and 8 for the
other cases. The effect of increasing the oil viscosity is to smear
out the water front as the brine displaces the oil at a lower saturation
fraction (Figure 10), and the immediate consequence of this is to
cause water breakthrough at the well to occur earlier.
The viscosity-dependent rarefaction of the water front described
above is important when it comes to comparing the streaming po-
tentials predicted by each of the models for the relative coupling
coefficient. At intermediate saturations, the Jackson model gives
the largest values for the coupling coefficient and the Revil model
the smallest values (Figure 3). The linear relationship of the Guichet
model lies in between. Comparing the streaming potentials along a
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Figure 7. (a) Streaming potential at the well with respect to an elec-
trode at infinity and with respect to a reference electrode at the top
of the shale layer in the vertical-well model V1. (b) Streaming po-
tential at the well with respect to an electrode at infinity and with
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horizontal-well model H1. Water breakthrough occurs at the right
edge of each figure.
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Figure 9. (a) The streaming potential predicted along the well for
the horizontal-well model H1 using brine with seawater salinity
(0.6 mol · L−1). The shape of the curve reflects the fact that the
water is approaching the two separate completions along the well.
(b) The maximum streaming potential at breakthrough versus
salinity, showing the expected decrease in values with increasing
salinity.
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line through the water front and through the well after 2700 days
(Figure 11) we see that, in terms of magnitude, the results follow the
same order. Two other features are noticeable. First, that the mag-
nitude of the signals increases as the viscosity ratio increases. This
is due to a combination of an increase in the pressure gradient (as
the front is nearer the well and the relative permeability to brine is
lower than that to oil) and the maximum brine saturation (and there-
fore the bulk conductivity) at the front being lower. Second, the
difference between the predictions of the three models also in-
creases as the viscosity ratio increases. For the equal viscosity case
the difference between the predictions of the Revil and Jackson
models is a factor of 2.5, while when the viscosity ratio is eight
the difference is a factor of 4.8.
The predictions of streaming potential at the midpoint of the
production well show a similar trend (Figure 12). Both the poten-
tial at breakthrough and the difference between the predictions of
the three models increase as the viscosity ratio increases. The be-
havior of the relative coupling coefficient then, is important in gov-
erning the magnitude of the measured streaming potential, and this
influence becomes greater as the water front becomes less well
defined.
Effect of reservoir heterogeneity
Vertical well
The inclusion of regions of high permeability (kx ¼ 1520 mD) in
models V2, 3, and 4 (Figure 5, Table 2) causes the water front to
flow unevenly toward the well. It would be impossible to anticipate
this uneven flow by analyzing borehole logs, because the regions of
high permeability do not intersect the well but end 190 m away in
the direction of the approaching water. Using measurements of
streaming potential during production, however, it would be possi-
ble to ascertain that the water front was not flowing uniformly.
Where there is a single high permeability layer in the top half of
the reservoir, the peak of the streaming-potential curve along the
well clearly shifts upward (Figures 13a, and h). With two high-
permeability layers the heterogeneity is not immediately so obvious
(Figures 13i, and l), and it is only by comparing the potential curves
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Figure 10. Line sections parallel to the y-axis (see Figure 4a)
through the approaching water front at a depth of 550 m in the ver-
tical-well model V1, showing water saturation and the effect of in-
creased oil viscosity after (a) 1000 days production, and (b) 2700
days. As oil viscosity increases, the front becomes less well defined
and proceeds more quickly towards the well (at 1000 m).
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Figure 11. Line sections parallel to the y-axis (see Figure 4a)
through the approaching water front at a depth of 550 m, showing
streaming potential after 2700 days of production in the homoge-
neous vertical model V1 for the three proposed models of
relative coupling coefficient. (a) Equal viscosities ηnw ¼ ηw (b)
ηnw ¼ 8 × ηw. The difference in predictions between the three mod-
els increases significantly as the viscosity ratio increases, from a
factor of 2.5 in (a) to 4.8 in (b).
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with the equivalent curves from the homogeneous model V1 that
some insight can be gained (Figure 14). As the water arrives at
the well in model V4 the central peak of the potential curve is much
flatter, reflecting the fact that the highest water saturation is toward
the top and bottom of the reservoir. Such a distinction would per-
haps only become apparent through modeling or inversion of the
streaming potentials during production. In all of the heterogeneous
cases the potentials are initially smaller for the same water front
distance. We attribute this to the smaller effective area of the water
front, and the consequent reduction in the surface area of the current
source.
Horizontal well
Models H2, H3, and H4 (Figure 6, Table 2) differ in the width of
the high-permeability zone which runs vertically through the reser-
voir, from the underlying aquifer to the well. The streaming poten-
tials predicted at the well (Figure 15) mirror the saturation
distribution of brine in the reservoir beneath. Where the invading
brine has the salinity of sea water (0.6 mol · L−1), the streaming
potential measured at the well is approximately 0.6–0.8 mV when
the water is halfway to the well, and approximately 1–1.2 mV at
breakthrough.
The shape of the potentials along the well reflect the shape of the
approaching water front so closely that it would be straightforward
to turn the streaming-potential measurements into a control re-
sponse by linking an increasing streaming-potential measurement
to locally advancing water. In this case, the strategy would involve
reducing or terminating production in completion 1 and continuing
in completion 2 only. In this way a greater volume of oil could be
brought to surface before any unwanted water, and the overall vi-
able recovery possible from the reservoir increased. However, even
if there were more completions and if multiple permeability struc-
tures overlapped them, with sufficient electrodes and therefore good
spatial resolution in the electric measurements, a similarly simple
control strategy could be implemented.
This is the first time that predictions of streaming potential in a
heterogeneous reservoir with multiple completions have been
made, and it is interesting to note that even after water is being
produced in one completed zone, the streaming-potential measure-
ments made on the other completed section are still able to
distinguish the approaching water and are not dominated by
signals from the first completion. In reality, it is likely that the
acceptable threshold for water production would be considerably
above 1% and so it is important that water flowing at one part of
the well does not make it impossible to monitor approaching water
in other parts.
DISCUSSION
The results presented here give an insight into the behavior of
streaming potentials in reservoir conditions, and we have shown
how they may be affected by the production regime for a well,
and also how the potentials may be used to inform and improve
that regime. The practical question remains, however: when
will this method work? This question encompasses reservoir geol-
ogy, fluid composition, well geometry, production strategy, and
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Figure 13. Vertical cross sections showing saturation distribution
and predicted streaming potentials along the well for vertical-well
models V2 (a-d), V3 (e-h), and V4 (i-l), where the water front is
25 m from the well and at the well. The well position is marked
by a dotted line at 1000 m.
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numerous other factors both within and outside the control of a
reservoir engineer, but comes down to the maximum magnitude
of the streaming potential that can be expected in any one particular
reservoir environment. The method of using streaming potentials to
monitor the approach of water toward a well depends on the ability
to detect those potentials while the water is still far enough away
that a meaningful response strategy can be implemented. If this is
possible, then the potentials will certainly be measurable once the
water has arrived at the well. The expected level of background
electric noise, then, is crucial in determining whether a set of
reservoir parameters will be suitable for streaming-potential
monitoring.
Bryant et al. (2002) monitor streaming potentials downhole
with electrodes mounted on the outside of an insulated steel
casing. The electrodes were cemented in place to give them
both an electric contact with the reservoir fluids, and also a rela-
tively stable environment to minimize the common problems
of potential drift and electrode polarization. The noise levels
recorded in these experiments was of the order of 0.1 mV, and
although this will certainly vary from one reservoir to another,
we have chosen here to use 0.1 mV as the minimum value of
streaming potential measurable downhole. This value can therefore
be used to evaluate the viability of the streaming-potential
method in the reservoirs discussed in this paper, under the full range
of combinations of fluid and well properties. Note that we have
assumed that the steel casing is fully insulated from the reservoir
fluids, and does not form part of the resistivity structure of the mod-
eled system.
In the vertical well with a constant production rate of
10; 000 bbl day−1, we find that the predicted streaming potential
at breakthrough is above 0.1 mV for all combinations of salinity,
temperature, viscosity ratio, and for each relative coupling coeffi-
cient model, except for the Revil model with viscosity ratios of one
or two, where the salinity must be below approximately
3.5–4 mol · L−1. Alternatively, for a fixed temperature of 55°C
(Figure 16), we find that where viscosities are equal, with brine
salinity equal to 0.6 mol · L−1 the minimum production rate for
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Figure 16. Limit of viability for the vertical-well model V1 with a
temperature of 55°C for oil-brine viscosities ratios of (a) one (b) two
(c) four and (d) eight; production rates above the marked line give
potentials larger than 0.1 mV at breakthrough. The Jackson model
always allows a lower production rate, and the difference between
this and the other models increases as the viscosity ratio increases.
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the Revil model is 700 bbl day−1, for the Guichet model
450 bbl day−1 and for the Jackson model 300 bbl day−1. With an
oil-brine viscosity ratio of eight the minimum rates are
300 bbl day−1 for Revil, 150 bbl day−1 for Guichet, and
60 bbl day−1 for Jackson. This numerical model will allow similar
analyses on the horizontal well or indeed on any other reservoir
model, providing an outline of feasibility for the use of streaming
potentials downhole.
We have assumed a pH of seven for the system throughout this
work. If we consider that the pH of a reservoir may be slightly high-
er or lower than this, then we must consider the effect of this change
on the measured potentials. Leroy et al. (2008) show that at pH 6 the
zeta potential is more than half of its value at pH 8 in the salinity
range above 1 × 10−2 mol · L−1. Because throughout most of the
temperature and salinity range discussed above, the predicted
streaming potentials are many times larger than the expected noise,
alterations in pH are therefore not expected to have an important
effect on the viability of the method.
CONCLUSIONS
High salinities, high temperatures, and the nature of the satura-
tion-dependent coupling coefficient are among several factors that
have previously been seen as obstacles to the viability of using
streaming-potential methods downhole during hydrocarbon recov-
ery. We show that, across the salinity range, temperature has a
small effect on the magnitude of the streaming-potential coupling
coefficient, and therefore also on the predicted downhole stream-
ing potentials. Using a new model of the zeta potential at high
salinity, we show that the magnitude of streaming potentials pre-
dicted downhole remains above the expected level of background
electric noise, even at salinities well above that of seawater. We
compare vertical and horizontal well geometries, and find that
in both cases, but particularly with a horizontal well, where the
need for such monitoring technology may be greatest, the
streaming-potential method is clearly able to distinguish and locate
water advancing toward the well. We explore three models for the
behavior of the streaming-potential coupling coefficient at inter-
mediate saturation. All three models give measurable signals
across a wide range of geophysical properties and production sce-
narios, both in the vertical- and horizontal-well geometries, and
that using the model that is closest to the available experimental
data, we measure signals larger than previously predicted, espe-
cially where the oil viscosity is higher than that of the displacing
water. We also find that, assuming electric isolation of the electro-
des from the steel casing, the upper part of the borehole is well
shielded from the electric potentials in the reservoir by the sur-
rounding conductive shale-like layers. Such a location may be
ideal for positioning a reference electrode against which to make
the streaming-potential measurements in the reservoir. Removing
these obstacles is a significant step forward in the development of
the downhole monitoring method.
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APPENDIX A
TEMPERATURE AND SALINITY DEPENDENCE
OF ZETA POTENTIAL, BRINE PERMITTIVITY,
VISCOSITY, AND CONDUCTIVITY
Zeta potential
Revil et al. (1999) provide a model for the behavior of the zeta
potential
ζ ¼ 2kbTK
3e
ln
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8.103ϵwkbTKN
p
2eΓ0SKð−Þ

Ca þ Cf þ 10−pHﬃﬃﬃﬃ
If
p

×

10−pH þ KMeCf

; (A-1)
which assumes that the Stern plane (the location of partially mobile
ions (Ishido and Mizutani, 1981)) and shear plane are coincident.
Here, kb is Boltzmann’s constant (1.381 × 10−23 JK−1), TK is the
temperature in K, e is the elementary charge (1.602 × 10−19 C), N
is Avogadro’s constant (6.0221415 × 1023),KMe is the binding con-
stant for the cation reaction, Γ 0S is the surface site density (m−2),
Kð−Þ is the dissociation constant for the surface mineral reactions,
Ca is the concentration of acid in the free electrolyte (mol · L−1) and
If is the ionic strength of the brine. We note here that equation A-1
is an analytical solution to more general equations given by Revil
and Glover (1997), and that a more accurate solution may be found
by solving the full equations numerically.
Typical pH values for reservoirs are in the range 6–7.5 (Barth,
1991). The pH of seawater, which will most usually be the water
injected for waterflooding, lies in the range 7.5–8.3 (Orr et al.,
2005; Seidel et al., 2008). The relevant pH for our discussion is
therefore likely to fall in the range 6.5–8. For salinities above
−5 −4 −3 −2 −1 0 1
−100
−90
−80
−70
−60
−50
−40
−30
−20
−10
0
log10 Salinity (mol L
−1)
Ze
ta
 p
ot
en
tia
l (m
V)
Our model 25ºC
Our model 75ºC
1
2
3
4
5
Figure A-1. Zeta potential versus salinity, showing our model
(equation A-2 for temperatures of 25°C and 75°C, and data from
the literature with NaCl brine and a variety of materials: (1) silica
(Gaudin and Fuerstenau, 1955; Li and de Bruyn, 1966; Kirby and
Hasselbrink, 2004), (2) quartz (Pride and Morgan, 1991), (3)
glass beads (Bolève et al., 2007), (4) St Bees sandstone (Jaafar
et al., 2009), (5) a variety of sandstones and brine compositions
(Vinogradov et al., 2010). Our model is limited at the low salinity
end by our assumption of zero surface conductivity.
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0.01 mol · L−1 the zeta potential is expected to vary by a factor of
less than two between pH 6 and 8 (Ishido and Mizutani, 1981;
Leroy et al., 2008) (increasing in magnitude with pH), with the
dependence decreasing as salinity increases. Although we will re-
consider this in our later discussion, we will assume hereafter that
the pH of the system is 7.
The model given by equation A-1 is applicable up to salinities
of approximately 0.01 mol · L−1 (Revil et al., 1999). At higher
salinity, it is necessary to consider the physical sizes of the ions
present in the electrolyte, and the packing density that can be
achieved on a mineral surface. In laboratory experiments, Jaafar
et al. (2009) have measured streaming potentials up to and beyond
seawater salinity and have shown that, above approximately
0.3 mol · L−1, the magnitude of zeta potential no longer decreases
with salinity (Figure A-1). Vinogradov et al. (2010) suggest that this
occurs because the maximum packing of counterions within the dif-
fuse layer has been reached. As the salinity increases beyond this
point, the counterion density within the double layer remains con-
stant, and so the zeta potential also remains constant. At 23°C this
limit of zeta potential was found to be approximately −17 mV, and
we assume that the physical size of ions is expected to be only
weakly temperature-dependent, and so the same value may be used
as a limit at all temperatures. The exact point at which the zeta
potential reaches −17 mV is salinity and temperature dependent,
but we assume also that the transition between the two regimes
is smooth.
We assume that the contribution from the acid is negligible
compared to that from the salt, and that Cf ¼ If (Revil et al.,
1999). Our model for zeta potential, therefore, becomes
ζ ¼ min

2kbTK
3e
ln
 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8.103ϵwkbTKN
p
2eΓ0SKð−Þ

Cf þ 10−pHﬃﬃﬃﬃﬃﬃ
Cf
p

× ð10−pH þ KMeCfÞ

;−0.017

. (A-2)
We use KMe ¼ 10−7.5, typical of the values reported by Kosmulski
(1996) for silica and Naþ (see also references in Revil et al. (1999)).
The values we have chosen to use forKð−Þ and Γ0S of 10−7.2 and 1.01
sites nm−2, respectively, are the best fit within the expected ranges
to the available experimental data (Figure A-1). The value for Γ0S is,
however, lower than those reported by Revil et al. (1999), in some
cases by almost one order of magnitude. Increasing this value would
directly increase ζ and therefore also the coupling coefficient.
Brine permittivity
Equations for calculating the relative permittivity ϵr of brine at a
given temperature T and normality N are given in Stogryn (1971),
ϵrðT;NÞ ¼ ϵrðT; 0Þ aðNÞ; (A-3)
where (Malmberg and Maryott, 1956)
ϵrðT; 0Þ ¼ 87.74 − 0.40008T þ 9.398 × 10−4T2
þ 1.41 × 10−6T3; (A-4)
aðNÞ ¼ 1.0 − 0.2551N þ 5.151 × 10−2N2
− 6.889 × 10−3N3; (A-5)
and N is the normality of the solution and is related to the salinity
Cˆf (in parts per thousand) by
N ¼ Cˆfð1.707 × 10−2 þ 1.205 × 10−5Cˆf þ 4.058 × 10−9Cˆ2fÞ:
(A-6)
The brine permittivity ϵ is then given by multiplying the relative
permittivity by the vacuum permittivity ϵ0 (¼ 8.854187×
10−12 F∕m)
ϵ ¼ ϵrϵ0: (A-7)
Although only validated up to 40°C, when extrapolated to 75°C for
the zero salinity case, this model varies less than 2.5% from the
experimental values given by Uematsu and Franck (1980). The
applicable salinity range is 0 ≤ Cf ≤ 2.7 mol · L−1. Because we
are not aware of any description of permittivity at salinities higher
than that of seawater in conjunction with temperature, at higher sali-
nities the curve of permittivity against salinity has been extrapo-
lated, first by fitting the values given by the model from Stogryn
(1971) against salinity using an exponential relation of the form ϵ ¼
A × 0.766Cf (R2 > 0.999 for the fit to salinities between 0.001 and
1.0 mol · L−1), and second by fitting the values of A obtained across
our salinity range; A is temperature dependent and given by
A ¼ 7.713 × 10−10 × 0.9958T: (A-8)
The brine permittivity therefore decreases both with increasing sali-
nity and with increasing temperature. We note here that experimen-
tal work by Hilland (1997) has suggested that the effect of salinity
on permittivity may be weaker than that described above, with
values roughly 7% larger at seawater salinity at 20°C . This would
increase the value of C and therefore lead to larger streaming
potentials.
Brine viscosity
The behavior of brine viscosity (in Pa · s) across our range of
interest is described by Kestin et al. (1978),
ηðT; CfÞ ¼ ηðT; 0Þ × ηrðT; CfÞ; (A-9)
where
log10

ηðT; 0Þ
ηð20; 0Þ

¼ 1ð96þ TÞ ½ð20 − TÞð1.2378 − 1.303 × 10
−3
× ð20 − TÞ þ 3.06 × 10−6ð20 − TÞ2
þ 2.55 × 10−8ð20 − TÞ3Þ; (A-10)
and
ηð20; 0Þ ¼ 0.001002: (A-11)
The relative viscosity as a function of temperature at a given salinity
Cf is given by
log10ðηrðT; CfÞÞ ¼ AðCfÞ þ BðCfÞlog10

ηðT; 0Þ
ηð20; 0Þ

;
(A-12)
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where
AðCfÞ ¼ 3.3324 × 10−2Cf þ 3.624 × 10−3C2f
− 1.879 × 10−4C3f; (A-13)
and
BðCfÞ ¼ −3.96 × 10−2Cf þ 1.02 × 10−2C2f
− 7.02 × 10−4C3f: (A-14)
The effect of salinity is negligible up to 1 mol L−1, but increased
temperature dramatically reduces the viscosity across the tempera-
ture range.
Brine conductivity
Brine conductivity (in S m−1) is calculated from temperature in
the range 20°C–200°C and salinity in the range 0.001–4.7 mol L−1
using the equation given by Sen and Goode (1992),
σw ¼ ð5.6þ 0.27T − 1.5 × 10−4T2ÞCf
−
2.36þ 0.099T
1.0þ 0.214C1∕2f
C3∕2f : (A-15)
Conductivity increases with both temperature and salinity.
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